INTRODUCTION
Impinging fluid jets are widely used in industrial processes where high momentum, heat and/or mass transfer rates have to be reached [1] . Typical applications are the jet wiping, the drying of paper and textiles, the cooling of turbine blades [2] , the anti-icing of aircraft [3] [4] , the tempering of glass sheets and the cooling of moving metal strips [4[ [5] . This last application is the concern of the present paper. The manufacturing of steel sheets for automobile bodies requires the use of continuous annealing or galvanizing lines. Actually, to achieve specified metallurgical and mechanical properties, a steel strip has to be annealed, after the cold rolling process, which has given the desired thickness to the sheet. This process involves heating the strip to a specified temperature between 600°C and 900°C, holding at this temperature and then cooling to a temperature below 500°C at a prescribed rate, depending on the quality required. The cooling rate could be 50°C/s, for a steel strip of 1 mm thick. The strip is cooled down by strong impingement of cold atmosphere gases on both faces through transversal slot nozzles. The weight reduction of automobiles is one of the key issues for the development of this industry. New steel grades, such as high-strength steels, Dual-Phase, TRIP-steels, etc., can be used to reach this objective, as proven in project ULSAB. But the production of these steel grades requires important improvements of both process and equipment. In particular, progress is required in cooling technology in order to obtain the desired mechanical properties. Therefore, the paper presents a study of design parameters allowing the optimisation of this gas cooling system. It aims to determine the local and mean convective heat transfer coefficient in an arrangement of gas slot nozzles. The optimisation of gas fast cooling systems requires identifying and modelling the design parameters that control convective heat transfer such as the Reynolds number, the spacing, the emergence and the tilting of nozzles as well as the standoff distance with respect to the strip.
The methodology adopted in the present study combines both experimental tests and numerical simulations. The objective is twofold. In a first step dedicated laboratory experiments are conducted on small-scale model. The experimental data are used to work out an engineering correlation and provide support for code validation. Then, numerical simulations are performed to predict performance of real industrial systems and extend the applicability range of the design correlation.
To access to a refined description of the thermal exchange between gas jets and strip, the experimental approach involves infrared thermography. The code FLUENT is used to carry out the numerical analysis. 
EXPERIMENTAL APPARATUS AND PROCEDURES

Experimental facility
A model of a fast cooling system has been designed at scale 2/3. Figure 1 shows a schematic of the tests set-up while the photograph in figure 2 displays a general view. The model consists of a plenum (settling chamber) and a set of slot nozzles in the front side, both made in Plexiglas ® for visualisation purpose. The jets impact on a vertical uniformly heated flat plate.
In actual cooling systems, the exhausting jet velocity often reaches 75m/s. At this Mach number (M=0.2), the compressibility effects are negligible. The scale-model fulfils this incompressibility condition in order to extend the laboratory correlation to industrial situation. The ventilator delivers a nominal flow rate of 5Nm 3 /s at a pressure of 10000Pa. The piping system is designed to avoid low frequency contents in the flow and fluidic phenomena that might affect the steadiness of the flow. A vane diffuser ensures the connection between the network and the plenum, which is implemented with a calibrated perforated plate. Several pressure taps have been mounted on settling chamber in order to control its efficiency. Finally, deviations lower than 1.5% appear in the pressure distribution through the plenum and the flow rate varies of only 1% between the slots. The facility allows the investigation on the cooling rate of the jet Reynolds number Re, based on the hydraulic slot-diameter S, up to 100000.
The slots arrangement can be adjusted to investigate the effect of parameters such as the nozzle spacing W (6 ≤ W/S ≤ 18), the length of the nozzle E (5 ≤ E/S ≤ 17) and the impinging angle β (β=60° and 90°corresponding to perpendicular jet ). More than 25 slot nozzles have been designed to cover the whole range of each parameter. The translation of the multijets system allows to change the stand-off distance, Z, between the nozzle and the flat plate in the range of 3 ≤ Z/S ≤ 10.
The vertical flat plate is a constant heat-flux surface of 1.7m long and 0.27m wide. It consists of three adjacent electrical-circuit boards. Each circuit is made of copper foil of 27 µm thick, coating an epoxy sheet of 1 mm thick. The copper layer of the plates is machined to produce a Π-shape continuous electrical resistance. The design of the heated flat plate is optimised to provide uniform heat flux, q J . The Joule heating is monitored by a potentiometer and measured with ammeters and voltmeters. The copper face is exposed to the impinging flow while an infrared camera scans the other side, which is painted black.
The IR scanner is an AGEMA Thermovision 900 system with a HgCdTe detector sensitive in the 8-12 µm wavelength range and cooled by liquid nitrogen. The standard optical set-up is 20° vertical x 10° horizontal giving an instantaneous field of view (IFOV) of 1.5mrad. The IR-camera is located at about 0.75 m. from the fat plate yielding a typical resolution on the skin of less than 1mm. The camera is mounted on a displacement carriage to scan the flat plate along the vertical direction. More than 17 images are necessary to reconstruct a complete thermogramme. The thermogrammes are calibrated by measuring the surface temperature at dedicated points with T -type thermocouples flush-mounted on the heated element.
The convective heat transfer coefficient is inferred from the plate surface temperature T w (x,y) by application of the Newton relation:
In the above expression, T f is the temperature of the jet at the nozzle exit.
The convective flux q cv is obtained by subtracting the heat losses q l to the Joule heating q J. The heat losses include the contribution of the radiation q rad , the foil conduction q cd along the two dimensions , Ox-Oy, and the possible natural convection on the face not exposed to the flow. Making use of the two-dimensional fin theory, the following expression is applied:
e and k are the thickness and the thermal conductivity of the plate, respectively. The total heat transfer coefficient, h tot , models natural convection and thermal radiation effects together. The heat transfer coefficient by radiation can be inferred from the radiosity concept [6] . The relations (1) and (2) show that h cv can be determined readily once the foil properties and the temperature field T w are known. Figure 3 shows a restored thermogramme corresponding to a typical slots arrangement. It is a faithful representation of the impinging flow. The lowest temperatures are measured at the impingement of 90° jet. The cooling rate decreases as the jet angle decreases. The low spanwise distortion of the isotherm contours denotes the two-dimensional character of the impinging flow for this specific configuration. The axial distribution of the Nusselt number, Nu, based on the hydraulic slot diameter and corresponding to the jet arrangement and temperature field shown in figure 3 , is plotted in figure 4 .
TYPICAL EXPERIMENTAL RESULTS
Peak of Nusselt number of 400 and more can be reached at the impingement of the peripheral perpendicular jets. However, the two 60°-tilted jets, designed to create additional moving strip stabilisation yield a lower cooling. For engineering purpose like the design of industrial heat exchanger, it is more convenient to calculate an average convective heat transfer coefficient, < h cv > from the local distribution. The actual cooling system runs with several consecutive plenums. The scale-model considers only one of them. Therefore, in order to transpose the correlation's laws to industrial cases, it is convenient to compute a peak-to-peak integration:
where n represents the number of slots.
Flow visualisations and numerical simulations (seen next section) prove the existence of an entrainment of air from the lateral environment surrounding the jet system into the cooling device. Such a situation has already been reported and analysed in literature [7] [8] [9] [10] [11] [12] . When the ambient temperature differs from that of the jet, this lateral air entrainment will affect the cooling efficiency. Since such airflow is not necessary at the jet temperature, it may affect the heat transfer between the impinging jets and the plate. This effect depends on the enthalpy of the entering air flux compared to the enthalpy of the jets. Based on this fact, a corrective model has been developed. It leads to a correction factor F e by which the experimental average Nusselt number has to be multiplied to disregard this thermal entrainment effect:
In Eq. (4) f is an increasing function of the ratio A/l 2 where A is the lateral entrance cross-section area and length of the slot. From the correction factor one can discern that the thermal entrainment effect will be more important for a cooling unit with a small width l. Figure 5 ; Correction factor due to thermal entrainment Figure 5 displays the variation of the correction factor, F e , versus the normalised nozzle spacing for the types of slot arrangement tested. In the present case, the thermal entertainment enhances the heat transfer since the initial temperature of the jets turns to be higher than the temperature of the surrounding environment. As seen, the correction magnitude depends on the nozzle spacing. It is limited to 10% for array of perpendicular slot nozzles but may reach 30% when nozzle spacing is increased, as it is the case for tilted nozzles. Re Figure 6 shows that the increase of the nozzle emergence is not really benefit to the heat transfer coefficient (line with bullet symbols). However, the E/S-effect lessens as the normalised nozzle spacing, W/S, decreases (bullet and square symbols). It is worth noting that the Martin's correlation (dashed line) tends to underestimate the IR data. The absolute deviation grows as the Reynolds number augments. However, above the range of the validity of Martin's relation (Re ≤ 40000) the relative deviation (Nu IR -Nu Martin )/Nu IR is around 25% for the conditions relative to figure 6 . At constant Reynolds number, the discrepancy enlarges as W/S increases.
NUMERICAL SIMULATIONS
Three-dimensional numerical simulations are performed with the general-purpose commercial code FLUENT (Version 5.5). The mesh is generated using Gambit and consists only of hexahedral elements. The Pave algorithm is used for the creation of the surface mesh in all the surfaces located in the x-z plane.
A typical mesh for a configuration with two vertical jets and one inclined jet is shown in figure 7 . The mesh is refined close to the heated plate to capture better the gradients of velocity, temperature and turbulence quantities. Afterwards, the grid structure is translated with a constant step in the y direction using the cooper algorithm of Gambit. This method creates a regular grid in the y-direction and allows controlling easily the position of the first grid cells. Special care has been taken for the position of the first grid cell near the heated wall. This position has been optimised to allow a good validation with the experimental results obtained with the IR camera. The complete surface mesh of the computational domain is shown in figure 8 . Two planes of symmetry are shown in this figure. They were used in order to keep the number of cells relatively small. The computational domain is wider than the width of the slits in order to capture also the flow structure on the side of the jets.
Typically 300000 cells are used for the discretisation of the entire computational domain. This number doubles when the effect of the moving strip of the flow field is investigated. In this latter case, one symmetry plane is removed to take into account the velocity of the moving strip. A standard k-ε turbulence model with wall functions is used for the computation. Second order upwind discretisation scheme is used for all the equations solved in steady state. The standard Simple algorithm is adopted for the pressure-velocity coupling. The boundary conditions are imposed based on the experimental conditions (temperature and velocity of the impinging jets, temperature of the ambient air, heat flux imposed on the heated plate).
A typical comparison between IR measurements and numerical simulation is shown in figure 9 . The Nusselt number distribution along the centre line of the plate is plotted versus the reduced axial distance. Good agreement is observed assessing the correct modelling of the complex flow topology. Maximum values for the Nusselt number are within 10 % of the experimental values. The mean heat transfer coefficient is also within 10% of the experimental values. However, the minimum values between the jets are smaller than the experimental values measured with the IR camera. This region of low heat transfer coefficient corresponds to an unstable region. By doing a steady state simulation, we do not allow the separation point to move with respect to time and therefore the curve of heat transfer coefficient is less smooth numerically than experimentally. Typical Nusselt number distribution in cooling unit of industrial size is plotted in figure 12 . Since the design is symmetric only the left part is represented. It is clear that jet-to-jet interaction and end effects (X/S=0) introduce distortion in the heat transfer profile.
The numerical simulation is also an appropriate means to appreciate the enhancement of the heat transfer produced by using H 2 / N 2 gas mixture instead of air. Such an investigation would be difficult in the pilot facility for safety consideration but can easily be approached with CFD. Figure 13 shows the axial distribution of the Nusselt number obtained for 5% and 60% H 2 , respectively, as normalised by the Nusselt number for air only. The increase of hydrogen content has a strong effect on the heat transfer rate, particularly in the impingement region. The numerical simulations indicate that the average heat transfer coefficient increases almost linearly with the H 2 content. At constant Reynolds number, using 30%H2 may readily double the cooling efficiency . Moreover, performance equivalent to that of air may be reached with H 2 jets working at lower Reynolds number and thus at lower power consumption. 
CONCLUSIONS
Local convective heat transfer coefficient in a multiple-jet systems composed of straight and inclined slot nozzles is experimentally and numerically determined. The concerned application is the fast cooling of moving steel strips.
The experimental method involved the thermo-foil technique and the infrared thermography. The three-dimensional numerical simulations are performed with FLUENT (version 5.5).
On the whole, the numerical prediction agrees satisfactorily with the IR data. Both predict the thermal entrainment phenomenon, which is more pronounced for small slot widths. A correction factor which accounts for this lateral gas flow entrainment is proposed.
The nozzle tilting introduced to reduce strip flutter is accompanied by a decrease of the local heat transfer. The effects on the average heat transfer coefficient of the slot Reynolds number, the nozzle spacing, the nozzle emergence length and the nozzle-to-strip distance are appreciated. In this respect, deviations between the infrared data and the Martin's correlation have been observed for high Reynolds numbers.
After validation, the numerical simulation is extended to cooling unit of industrial size. The jet-to-jet interaction and end effects yield distortion in the heat transfer distribution. Moreover, the use of H 2 /N 2 gas mixture instead of air may bring a significant increase of the cooling performance. Therefore, in producing H 2 -jets at lower velocity will give sufficient cooling performance at less aerodynamic excitation to strip fluttering.
